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Experimental determination of the surface density for the ®He exotic nucleus
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Angular distributions for the elastic scattering@He on *®Ni have been measured at near-barrier energies.
The present data, combined with others for thée+ *Ni system at intermediate energies, allowed the
determination of the"®He ground-state nuclear densities through an unfolding method. The experimentally
extracted nuclear densities are compared with the results of theoretical calculations.
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One of the most exciting recent events in nuclear physicpossible to identify particles with different charges and
has been the discovery of extended neutron distributions imasses. A typicaAE vs E spectrum for the’He+ >®Ni sys-
exotic neutron-rich nuclei, such as, e.dLi, ''Be, and tem is shown in Fig. (). The elastic®He group is clearly
684e. The advent of facilities that produce radioactive ionvisible and scatteredHe ions can also be easily identified.
beams made possible the search for experimental evidence lof recent works[7,8], a strong “He group resulting from
thick neutron skins and halos for nuclei near the drip line.transfer and/or breakup modes has been observed in the scat-
This phenomenon was first observed by obtaining the intertering of ®He on 2°Bi in energies below the nominal Cou-
action radii from reaction cross section measurements folomb barrier. With the purpose of investigating the impor-
systems involving exotic nuclgil], followed by the experi- tance of such channels for tfi¢le+ °®Ni system, we have
mental determination of transverse momentum distributionglso performed measurements for thide+ °’Au system
from the breakup producte?]. Several recent works with [see Fig. 1b)], with the same secondary beam conditions as
radioactive beams use the elastic scattering process at intehose for the®He+ 58Ni. For the He+ %7Au system, the
mediate energies to demonstrate the existence of such egentributions arising from other reaction channels, besides
tended neutron distributions. However, from a theoreticathe elastic scattering, are expected to be negligible, since the
point of view, the near-barrier energy region should be more® MeV bombarding energy corresponds to about 10 MeV
appropriate for studying the densities in the surface regiorbelow the Coulomb barrier. Indeed, the elastic scattering
where the difference between exotic and neighboring stableross section for this system is in agreement with the corre-
nuclei is much more emphasized. In fact, for distances close
to the barrier radius, the nuclear potential is mostly deter-
mined by the folding of the nucleon-nucleon interaction with 500
the surface region of the densities. This idea has already bee= 400
successfully applied to determine densities of stable nucle g
[3-5]. Taking this point of view, we present elastic scattering §
differential cross sections for th&®He+ °®Ni systems at < 200
near-barrier energies, with the aim of obtaining théHe 100 £
densities in the surface region. The analysis is extended t 0 :
the “He+ 58Ni system at intermediate energies, and in this 0 00 400 ° 200 400
case information about thtHe density at much smaller dis-
tances is obtained.
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produced using the proton transfer process of thepri-
mary beam at an energy of 19.95 MeV incident on a
12.7.um-thick °Be production target’Be("Li, °He). lons FIG. 1. TypicalAE vs E spectra obtained using) >®Ni and (b)

with the same magnetic rigidity of thtHe were present in  197ay targets. The corresponding energy projections for tHe

the secondary beam. The detection system was composed giis are shown itic) and(d), respectively. The arrows ift) and(d)
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backed by thicker Si detectofsemaining energy making it of the SHe.
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FIG. 2. Elastic scattering angular distributions for théHe q (fm")
+ %8Ni systems at several near-barrier energies. The lines represent
optical model predictions witksolid lines or without (dotted line$
considering the compound-elastic contribution.

FIG. 3. Elastic scattering angular distributions as a function of
the momentum transferred for tfiéle+ %8Ni system at several in-
termediate energies. The lines represent optical model predictions,
in which the nonlocal model has been assumed for the real part of

e interaction, with a Lax-typédashed lingsor a Woods-Saxon
shape(solid line9 for the imaginary part of the potential.

sponding Rutherford cross section. The energy projectio
spectra corresponding only ttHe ions are also shown in
Figs. Xc) and 1d). The very similar background for both
targets {°/Au and °&Ni) indicates that no significant transfer
and/or breakup contributions were present in our experimen
We estimate the contribution of these processes forte

rinciples and avoiding the use of adjustable parameters as
uch as possible. In this work, we use a model for the real

part of the potential that is based on nonlocal quantum ef-

+ “Ni system as less than 2% of the elastic scattering Crosgyc(s related to the exchange of nucleons between the target
section, by comparing théHe background for both targets. anq the projectilé13—16. The nonlocal model has provided

As a result of the energy resolution of our experiment, any, g40d description of the elastic scattering for several sys-
contribution of inelastic scattering to low-lying states is in-ams in a very wide energy rangé,5,14—17. It also has
cluded in our "elastic scattering” data. The secondary beanheen syccessfully checked for inelastic scattering and trans-
of "He was produced in a similar way, but using the elastice processes at subbarrier and intermediate enejfjts—
scattering process of téHe primary beam. In this case, the 17]. We also point out that the nonlocal model has provided
secondary beam is much more intense than that>fe,  o0d predictions for a very extensive systematic of potential
since the cross section for elastic scattering is much great@frengths extracted from heavy-ion elastic scattering data
than that for the transfer process. Figure 2 exhibits the elaSt'énaIyses at low and intermediate enerdi&3]. Within this

i H 58n(i . . . . .
scattering cross section for tl'feel—!ef Ni systems at Sev-  model, the bare interaction is connected with the folding po-
eral near-barrier energies. Contributions to the count rate ifentjal v, through

the region of the elastic scattering process can also arise from
the compound-elasticCE) decay. Since this process is
mixed (experimentally with the elastic channel, in our
analyses the Hauser-Feshbach theory has been used to es
mate the CE cross section. We checked that the contributio
of the CE cross section for th&He+ °8Ni system at inter-
mediate energies and for tiféle+ 5Ni system at the near- )
barrier region is negligible. Figure 3 exhibits the elastic scat- 2 _Sre_ _
tering datafrom Refs.[9—12)) for the “He+ ®Ni system at v(RE) “ [E-Ve(R)=Vn(RE)]. &
intermediate energies.

The extraction of information on nuclear densities fromFor the Coulomb interactioN'c, we have used the expres-
elastic scattering is a question of using the folding model forsion for the double sharp cutoff potentidl8]. This proce-
the interaction, including all the important effects from first dure is important in calculating cross sections at intermediate

Vn(R,E)=Vg(R)e 47, (1)

tHerec is the speed of light and is the local relative speed
etween the two nuclei,
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energies, in which the internal region of the potential is T " ' " J

T T 4

—— SF from ref. [23]
---- from refs. [24,25]
— from refs. [24,25]

{---- 2pF from this work ]

probed. The folding potential depends on the densities of the
two partners in the collision, 0L

—— SF from ref. [23]
- electron scattering 1

vF(R>=Jpl<rl> pa(ra) Up(R—r1+T1y) dry dry,
------- from ref. [22]

3
® 10% F
where uy(R—r;+r,) is the “frozen” M3Y effective :
nucleon-nucleon interactiori.3,15.

The imaginary part of the interaction used in our calcula- o \
tions has also been based on general assumptions. For tt  1° L ® He from intermediate enegies
angular distributions at intermediate energies, we have use 52 6:9 Wft: Ee'm"D_"aSSh_:‘pe e N
the imaginary part of the parameter-free Lax-type interac- f e with Harmonic Osdlllator shape 1\, _
tion, which is known to be quite appropriate in this energy 0 1 2 3 4 5
region [19,20. At near-barrier energies we have used a r(fm)

Woods-SaxorfWS) shape for the imaginary potential, with

parameters that result in complete internal absorption from FIG. 4. Experimental nuclear density values at the sensitivity
barrier penetration, but with small strengths in the surfaceadii for the “®He nuclei(open symbols as obtained from near-
region. Within these conditions, the results obtained for thebarrier elastic scattering data analyses for tfee+ 5®Ni systems.
experimental density values from the data analysis are quit€he solid symbols represent density value$Hd) from
insensitive to variations of the WS potential parameters. Thightermediate-energy data analyses, using the nonlocal model and the
result should be contrasted with the strong dependence dnelx-type interaction for the real and imaginary parts of the poten-
the imaginary part of the potential in the data analysis for thdidl- Also presented in the figure are our best fit two-parameter
6He+ 2098 system[7,8]. In that case, very large cross sec- Ferm|(2|c_)F) dlstrlbu_tlon fo_r the I—_|e, the experimentally extrgcted
tions for transfer and/or breakup processes have been d mmetrized Ferm{SP distributions from Ref[23], theoretical

" 6
tected at subbarrier energies, and an imaginary potential thggnsities for théHe (Ref.[22)) and *He (Refs.[24,25), and a total

results in strong surface absorption was used in the elastf?:uecrl]f:n density for'He obtained from electron scattering experi-

scattering data analysis. However, no significant transfel’
and/or breakup contributions were detected for fiée

+ %8Ni system here, and possible inelastic contributions argadius, where the value of the density is determined without
already included in the “quasielastic” data. Thus, there areambiguity. To ensure that the sensitivity radius is in a region
no extra significant peripheral reaction processes to be athat is important to the data fits, we have used the notch test,
counted for in the present case, and the use of optical poteir which a spline with a Gaussian shape is included in the
tials with strong surface absorption clearly would be a mis-*®He densities, and the variation of the chi square is studied
take in the present data analysis. as a function of the position of this perturbation.

If the nonlocal model is assumed for the interaction and The sensitivity radius is energy dependent and therefore
the density of one nucleus is known, an unfolding methodhe density can be obtained over a large range of radial dis-
can be used to extract the ground-state nuclear density of ttiances. Figure 4 contains the experimental nucleon density
other nucleus from the elastic scattering data analyses. Thalues for the*®He at the corresponding sensitivity radii
method has already been successfully applied in the experpbtained from data analyses of several angular distributions.
mental determination of densities for théC and *%0 nu-  Information about the density at the surface region is ob-
clei [3-5]. In the present paper we describe the method in d@ained through the near-barrier elastic scattering data analy-
quite concise form, and we invite the reader to obtain furtheses, while the data at intermediate energies probe the density
details of the method in a complete discussion presented im the inner region. The statistical error bars for the density
the references above. In the data analyses, we have usedia@ues have been determined using the procedure described
theoretical Dirac-Hartree-Bogoliubov density for téNi  in [4]. In earlier works[3,4], we have demonstrated for
nucleug 21], since the corresponding predictions for electronstable nuclei that the results obtained for the density values
scattering cross sections are in very good agreement with thet the sensitivity radii are rather independent of the shape
data[3,4]. This theoretical density was also assumed in theassumed for the density distribution. However, %4e is
previous works for stable nucleus systems and the correexpected to be an exotic nucleus with an extended neutron
sponding results obtained for the densities were quite satidail, in the present work we have also used another shape to
factory. For obtaining thé"®He densities, we have assumed describe the®He density, the harmonic oscillatofHO)
the two-parameter Ferm2pP distribution to describe the shape, with the aim of further checking the validity of our
4®He densities. The diffusenesa)(and radius R,) were  results. Figure 4 shows that the two models for the distribu-
searched for the best data fits, with thg parameter deter- tion result in sensitivity radii only slightly differentabout
mined by the normalization condition. For each angular dis0.3 fm), with corresponding experimental density values
tribution, we have found a family of densities which give compatible with the expected behavisiope of the ®He
equivalent data fits. These densities cross at the sensitivityensity in the surface region. Actually, the dependence of the

pr)(fm’)
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experimental results on the model assumed for the distribudensity have been tested: symmetrized Fei®h) distribu-
tion is expected to be weak, since the near-barrier data analyion, Gaussian with hal¢GH), a Gaussian for the core, and
sis is mostly sensitive to the surface region of the densitytwo different models for the valence nucleons, Gaussian
where any realistic model provides a shape close to an eXGG) and Ip-shell harmonic oscillator-type densitGO).
ponential(see the theoretical calculations for thide density Al these distributions provided very similar density values
in Fig. 4). For intermediate-energy data analyses, besides thgrom data analysesfor the ®He density in the radial dis-
Lax interaction we have also used a Woods-Saxon shapgnce region &r<5 fm. For the purpose of comparison,
imaginary potential with three free parameters, in order tahe corresponding SF distributions for tHéHe nuclei are
evaluate any possible change in the sensitivity radius. Thihcluded in Fig. 4(solid lines. The experimentally extracted
different models for the imaginary potential provide very densities of that work are in good agreement with our density
similar results for the*He density. values at the sensitivity radii, in spite of the very different
The solid and dotted lines in Fig. 2 represent opticalenergies, systems, and assumptions of the two works.
model predictions for the elastic scattering cross section, |n Fig. 4, we also show two theoretical calculatidfrom
with (solid lines or without (dotted lineg the CE contribu-  [24,25)), using Faddeev wave function models, for tfge
tion. For the*He+ S8Nj system, these theoretical predictions density_ These models incorporate differert and n-p po-
were obtained by using the best fit 2pF distribution WR&f  tentials with variation of the two-neutron binding energy.
=1.64 fm anda=0.28 fm (see Fig. 4 Figure 3 shows that The different shape&@pF or HO assumed for the distribu-
the elastic scattering data fits using a Woods-Saxon shape f@bn in the present work provide results for tfiele density
the imaginary potential are better than those obtained usinghat approach both theoretical calculations at different sensi-
the Lax-type interaction. Despite the differences in the elastivity radii (see Fig. 4 Thus, the statistical and systematical
tic scattering data fits, we stress that both models for therrors of our method do not allow one to distinguish which
imaginary part of the interaction provide very similar valuestheoretical calculation for théHe is better. However, the
for the density. good agreement between experimental and theoretical results
In this paper, we have studied tféie nucleus with the s evident, corroborating that the effect of the two extra neu-
purpose of comparing the results for tAele and®He den-  trons of the®He greatly increases the density at the surface
sities, and also with the aim of checking the validity of the region in comparison with that of théHe nucleus.
method in this light mass region. Thus, in Fig. 4 we have |n Ref.[13], with the aim of systematizing the heavy-ion
compared oufHe experimental density values with the total nuclear densities for stable nuclei, we have calculated theo-
(protont neutron) alpha density derived from the charge disetical distributions for a large number of nuclei using the
tribution obtained in“*He electron scattering experiments. Dirac-Hartree-Bogoliubov model. We have determined that
We have estimated the total distribution as twice the protonhe average value for the density diffuseness is 0.50 fm and
distribution. We have obtained thtHe proton distribution  the dispersion associated with this value, due to effects of the
(pp) by unfolding the charge density of the nucleys)  structure of the nuclei, is about 0.025 fm. The value for the
with the intrinsic charge distribution of the proton in free diffuseness of the exoti€He, obtained from the theoretical
space fchp)» calculations[ 24,25 (see Fig. 4, is about 0.65 fm, very far
from the average value for stable nuclei. Within this context,
we could also say that thtHe is an eccentric nucleus, since
the corresponding 2pF and SF distributidese Fig. 4 pro-
vide a~0.3 fm.
where p¢n, is an exponential with diffusenessi, In summary, in this work we have obtained experimental
=0.235 fm. In Fig. 4 we also present the results of theoretdensity values in the surface region for théHe nuclei from
ical calculationg22] for the “He nuclear density, which have low-energy data analyses. The assumptions of the method
been performed in the context of the generator coordinathave been fully discussed and several checks of the results
method, with the Skyrme SlII nucleon-nucleon effective in-have been provided. The parameter-free real part of the in-
teraction and elimination of center of mass effects. We estiteraction used in this work contains as basic inputs just the
mate the overall systematical error of ofide surface den- well-known M3Y effective nucleon-nucleon interaction and
sity values to be about 20%, by comparing our experimentabur model for the Pauli nonlocality, which has been exten-
results at the surface region with those from electron scattesively tested. Also the imaginary part of the interaction has
ing and with the theoretical prediction. A similar estimate for been based on very general assumptions: the lack of surface
systematical errors was already obtained in the previouabsorption at low energies and the parameter-free Lax type
works using the same method for théC, 161% stable nu- interaction, which is known to be quite appropriate for inter-
clei [3,4]. mediate energies. We have also determined statistical and
We have obtained th8He experimental densitfsee Fig.  systematical errors for the experimental density values. The
4) from the data analyses of the angular distribution for thesystematical errors arise from several possible sources: the
®He+ %8Ni system atE,,,=9.0 MeV. In Ref.[23], the dependence of the position of the sensitivity radius on the
4®He nuclear densities were obtained from elastic scatteringhape assumed for the projectile distribution, the theoretical
data analyses for th&®He+ p systems at 700 MeV/nucleon, density assumed for the target, the contribution of the real
using the Glauber multiple scattering theory for the interacpart of the polarization potential that arises from nonelastic
tion. In that work, different parametrizations for tifdide  couplings, which has not been included in our analysis, etc.

pch<r>=fpp<ﬁ> peny (F—17) dF7, @
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The value of about 20% obtained for the systematical errodensity is about two orders of magnitude greater than that for
in the “He case is very similar to those found for other nuclei “He. Finally, within the precision of the method, our experi-
in previous works. Thus, we consider that the systematicamentally extracted result for theHe density in the surface
error for the ®He should also be about 20%, or even somef€gion is in very good agreement with theoretical predic-
what greater because in this case the effect of the reactidiPns, and it is also compatible with other experimental re-
channels on the real part of the polarization might be morsults obtained under quite different conditions in a previous
significant. Therefore, efforts to decrease cross section datork.

uncertainties would not be very useful in the present case. This work was partially supported by Financiadora de
Even so, for purpose of comparison between thie and  Estudos e Projeto&INEP), Funda@o de Amparo @esquisa
“He densities, this systematical error20%) isactually do Estado de 3aPaulo(FAPESR, and Conselho Nacional
not very significant, because at the surface region®He  de Desenvolvimento Ciefico e Tecnolgico (CNPQ.
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